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PREFACE 
This paper is a contribution within the framework of Task 2 of the 
IIASA research area, Resources and Environment. Task 2 is broadly concerned 
with Models for Environmental Quality Control and ?4anagemenS, including 
hydrophysical and ecological models for water quality in lakes, reservoirs 
and river systems. 
This study was carried out by the writer as a guest scholar at IIASA, 
during his sabbatical leave from M.I.T. in the period September, 1977, through 
January, 1978. The writer is indebted to the many IIASA staff members and 
guest scholars with whom he has discussed the philosophy and practice of 
water quality modelling duringthis period.. In particular, he would like to 
express his appreciation for helpful suggestions to Professor Oleg Vasiliev, 
Deputy Director of IIASA and Head of the Resources and Environment Area; 
Dr. Alexander Leonov, Dr. Bruce Beck, Professor Sven Jdrgensen; and to his 
former students. Dr. Masataka Watanabe and Dr. Mark Markofsky, who were at 
IIASA during a portion of this study. 
Special thanks are due to Mr. Serge Medow, who programmed the mathematical 
models and generated the computer plots in a very efficient manner. 

SUMMARY 
The objective is to compare a sequence of biochemical water quality models 
of increasing complexity and diversity, in order to determine the level of com- 
plexity needed for predictive models. Primary consideration will be given to 
models simulating chemical, bacterial and algal components that can be compared 
with laboratory data. 
The aerobic nitrogen cycle containing seven chemical and biological compon- 
ents of nitrogen is chosen for the comparative study. The nitrogen components 
can be coupled by various linear and/or non-linear transformation functions 
representing mineralization and oxidation of organic nitrogen and phytoplankton- 
zooplankton interactions. 
Results of simulation runs for batch systems are compared with the same 
data. It is concluded that the non-linear couplings, representing bacterially 
mediated and plankton reactions, have a significant influence on both the system 
dynamics and the steady state nitrogen concentrations. Future research directions 
for comparative model studies are indicated. 
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1. Introduction 
One of the most difficult problems in the development of predictive 
water quality models is the determination of the appropriate degree of 
model complexity. A necessary, but not sufficient, condition*for a predictive 
water quality model is that it be capable of simulating prior conditions 
observed during a certain time interval. The adjustment of model parameters 
to fit the observed data during this time interval is called "calibration". 
If a second set of observations, covering a different time interval, are 
available and if the model is capable of simulating these conditions without 
recalibration, the model has a certain claim to being predictive. At this 
stage the model is usually said to have been "verified". The latter is a 
subjective judgement since it depends on the degree to which the data and 
inputs used in verification differ from the data on which the model calibration 
was performed and on the predictive goals of the specific study. 
The term "predictive water quality model", as used here, implies a determinis- 
tic model based upon hydrophysical and ecological knowledge as opposed to the 
fitting of regression equations which can easily satisfy the necessary calibra- 
tion condition. When a model is called upon to predict water quality conditions 
not contained within the historical data base, one can have little confidence 
in regression equations as predictive tools. 
The degree of complexity of a deterministic water quality model represents 
a compromise between the reality of nature and the abstraction of a mathematical 
model. The components of a water quality model may be grouped into the following 
categories: 
(i) hydrothermal transport and mixing 
(ii) chemical compounds 
(iii) bacteria 
(iv) plankton 
(v) macrophytes and the higher biological trophic levels. 
The order of listing of the components approximately corresponds to a scale 
of decreasing knowledge and ability to represent the processes in a determin- 
istic manner. Thus, the question of model complexity should be considered in 
relation to the state of knowledge of the component process. In other words, 
there may be good justification for including in a model a significant degree 
of ccmplexity in the first three component categories, involving hydrothermal, 
chemical and bacterial processes, than in the higher biological level compon- 
ents. A model structured in this manner has a number of advantages over a 
potentially simpler model employing a uniform degree of complexity among the 
various component categories. 
The multi-level complexity model has the advantage of being able to make 
use of existing scientific knowledge of certain transformation rates, and more 
importantly, the same model can be used for the analysis of both laboratory 
and field data. When the laboratory tests (e.g. in a chcmostat) are conducted 
using water from the lake or river under study, a number of important model 
parameters can be determined with good accuracy. It is of course recognized 
that not all componrmt processes can be reproduced or simulated in the 
laboratory. However, those most susceptible to laboratory study are the 
hydrothermal, chemical and bacterial processes. Thus, in the model calibration 
phase, attention can be directed to those rate constants corresponding to the 
higher biological levels. This can be a significant advantage in water 
quality models involving many rate constants where formal parameter estimation 
and calibration techniques are difficult to apply. 
A somewhat different approach to determining the appropriate degree of 
complexity has been proposed by Jdrgensen et a1 (1977). Their method is 
based on calculating the effect of increasing the number of state variables 
on the "ecological buffer capacity" of the system. Because of the importance 
of the question of model complexity, it is hoped that other investigators 
will be encouraged to express their views on this subject. 
In the following section an attempt will be made to illustrate some 
of the ideas presented above. A sequence of existing biochemical water 
quality models of increasing complexity and diversity will be presented and 
compared with the same data sets. Primary consideration is given to models 
that simulate chemical, bacterial and planktonic transformations in various 
ways. Only components of the aerobic nitrogen cycle will be considered. 
2. The Aerobic ~itrogen Cycle 
The components of the aerobic nitrogen cycle considered in this study 
are shown in Fig. 1. They include the nitrogen in the chemical compounds of 
ammonium (N ), nitrite (N ) and nitrate (Nj); the nitrogen content of phyto- 1 2 
plankton (N ) and zooplankton (N );and particulate (N ) and dissolved (N ) 4 5 6 7 
organic nitrogen. Not included is free nitrogen and exchange of nitrogen between 
the atmosphere and bottom sediments. In the schematic diagrams illustrating the 
sequence of models that follows, the relative position of the "boxes" represen- 
ting the components of the nitrogen cycle will be kept in the same positions as 
shown in Fig. 1. In order to emphasize the dynamics of the biochemical process 
the models will simulate fully mixed batch systems. 
2.1 Oxidation of Inorganic Nitrogen 
Models 1, 2 and 3 deal only with the nitrification sub-cycle in which 
ammonium (NH ) is oxidized to nitrite (NO2) and nitrate (NO3). The three 4 
models are compared with laboratory data of Knowles et a1 (1965) using Thames 
River water. 
Model 1 assumes that ammonium is converted directly to nitrate with a first 
order rate constant, as shown in Fig. 2. The equations for the batch system 
Fig. 1: Components of the Aerobic Nitrogen Cycle 

are, 
dN1 MODEL 1: -- 
dt -KON1 
The model has one rate constant (K ) and two initial values (N10 = 17.5 mg/l 0 
and N30 = 0). The solutions to equations (1) and (2), 
are plotted in Fig. 3 in comparison with the data. Since the model does not 
contain the intermediate nitrite form, this portion of the data was omitted 
- 1 from the plot. The rate constant K = 0.16 day was chosen so as to 0 
approximately fit the data at N /N = N /N = 0.5. It is readily seen 1 10 3 10 
that the dynamics of the nitrification process are not well represented by a 
single rate constant model. 
Model 2 simulates the formation of the intermediate nitrite (NO2) with 
first order rate constants for both stages of the oxidation, as shown in 
Fig'. 4. The equations are 
MODEL 2: - - dt 




































